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Nuclear spin-lattice relaxation times, T&, have been measured over a temperature range T
= (1. 1-300) K and frequency range v =2-15 MHz in a single crystal of CdS doped with 13-ppm
cobalt. Minima in T& vs T are observed, and absolute values of the effective electron relaxation time, 7'„may be calculated at the temperatures of the minima, e. g. , at 14 'K, v, = 8.0 & 1 0
sec. At low temperatures, T 5'K, v, is dominated by a resonant Orbach process involving
the two ground-state Kramers doublets (S =+ 2 and S =+ &) which, according to our measurements, are split by ~=(4+1) K at zero magnetic field. At higher temperatures, T& 20 K, ~~
is dominated by a nonresonant process, and these data are well fitted from 40 to 300'K by
v, 'cc T J4(210/T), where J4 is a transport integral and 210'K is the CdS Debye temperature.

I.

INTRODUCTION

Transition-metal ions of the 3d group have been
studied rather extensively in II-IV compounds by
the use of electron-paramagnetic-resonance
(EPR)
techniques. ~'~ In general, the analysis of the EPR
spectrum allows the determination of the static
interactions of the spins with the lattice, while
dynamical interactions can be studied by measurements of electron spin-lattice relaxation. Unfortunately, the electron spin-lattice relaxation time
v', can often be studied over only a very narrow
temperature range, because at low temperatures
the line shaye may be too complicated and at high
temperatures v', may either be too short for direct
techniques or the line may be too broad for indirect
techniques. In such cases it is sometimes profit. able to apply the nuclear-magnetic-resonance
(NMR) techni|lues since the nuclear spin-lattice
relaxation time T~ is determined by v, for sufficiently high concentrations of ions.
The EPR spectrum of substitutional Co in CdS
has been studied by %oodbury and Ludwig and by
'
The Cd site is under the influence of
Morigaki.
a predominantly cubic crystal field, and the ground
state of the Co~' at this site is the orbital singlet
However, the small trigonal component of the
field and the spin-orbit interaction split the ground
state into two Kramers doublets, with the S, = +-,'
states being lowest and the S, = +-,' states lying
above at 2D=1. 34 cm ~= l. 9'K. Wagner, Murphy,
and Castle have measured the relaxation time of
' ——,') transition by the pulse-saturation
the (—,
technique from 1.4 to 3. 2 K. In the present study,
we have measured the Cd~~3 nuclear Tz from 1. l to
300 K and have been able to obtain a rough value
for 2D and a more precise value for the Debye

—

temperature of the yhonon spectrum. However, it
should be noted that the v', deduced from the NMR
T~ data is an "effective" value and cannot be assigned to a specific electronic transition, such as
II. REVIEW OF THEORY
A. Nuclear Spin-Lattice Relaxation

The theory of nuclear spin-lattice relaxation,
due to fluctuating electron spins at fixed spatial
positions, is well documented and will only be

briefly reviewed here. 6'~ It is most convenient
and practical to discuss the form of the interaction
in terms of two limiting cases. In the first case,
the so-called rapid-diffusion (R-D) case, the nuclear spin system can transmit energy, via mutual
spin flips, to the paramagnetic centers faster than
the centers can transmit this energy to the lattice.

For this case, we have

r

=~~xcs-',

where N is the concentration

of the paramagnetic
and
radius,

centers, b is the "diffusion-barrier
C is given by

"

where S is the magnitude
and

of the electron spin, y,
the electronic and nuclear gyromagnetic
respectively, and v=-y„BO is the Larmor

y„are

ratios,

frequency for magnetic field strength Bo. For
v, «rz, the nuclear spin-spin relaxation time, the

factor

b

is given by

b = (3a( p,

,),)'~4/B,

,

where a is the lattice constant, 8, is the local field
at a nucleus due to the surrounding nuclear spins,
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D = a /50Ta.

~

~

ei,

'
'
'
To determine which,
h x'f either, of the limiting
i
cases applies, wee de
define an
=(C/D)
en the R-D case applies, an
the D-I case is valid. It sho uld aiso be mentioned
that we are assuming that B 3 m
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otherwise, Eqs.
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o of these equa'
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on predict a minimum
.
in T a
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.
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= l.

«

(5)

'

for which

0

&
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~

here, 4 is the energy separationbetween the level of interes an
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the temperature

constants.
'
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B. Electron Spin-Lattice Relaxation
The energy as a function
on of
o mag
magnetic field, forr
' doublets„
the 8 = + ~ and 8= —
is shown in Fig.

up the variation of T~ w1
fact, for T &0 it turns out that T"'~ (~& /&)" &'
for all n.
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MEASUREMENTS

The CdS sample was a single crystal grown from
the melt and containing 13-ppm Co, as determined
techniques. ~ The T& data
by mass-spectrographic
were obtained over a temperature range T = (1. 1300) 'K and a frequency range v =to/2v = 2-15 MHz
[Bo(kG) = 06v(MHz)] by using a Varian V-42008
wide-line NMR spectrometer and a technique described previously.
The lowest temperatures,
(1.1-4. 2) K, were obtained by pumping on liquid
helium in a specially constructed Pyrex Dewar,
and the intermediate temperatures,
(4. 2-77)'K,
were obtained by use of a cold-finger device, described elsewhere in conjunction with Hall-effect
measurements. '~ No data were taken between VV
and 300 K since 1; is varying quite slowly with
temperature in this region. The T, 's were not
or ientation dependent.
The T&'s were obtained from the inverse negative
slope of the plot in[MD —M(t)] vs t, where Mo is the
"infinite-time" magnetization and M(t) is the amount
of recovered magnetization at time t, starting from
saturation [M(0) = 0]. At least 6T~'s were allowed

-

l.

I

IOO

200

400 600 l000

for recovery to

Mo, and, in general, about 10M(t)
were measured, with 0& t «32'&. The initial recoveries were nonexponential under some conditions, notably for low frequencies and at temperatures near the Tj minima. ~ In each case, the
recovery became exponential in less than 17~, but
the initial curvature did lead to greater uncertainty
in the calculated T&'s.
The T&-vs-T data at 2, 4, 8, and 15 MHz are
presented in Fig. 2. For T 4. 2'K the points are
very reproducible, and the probable error in T,
is only about
However, for 10 KS T & 50'K,
there seems to be much more scatter in the data,
leading toprobable errors as high as 15%%up. There
are several possible reasons for this, including (1)
the recovery curvature, mentioned above, and (ii)
uncertainty in temperature measurement in the
range 4. 2 K «T VV 'K. The latter uncertainty
is due to the sample being separated from the copper cold finger, upon which the germanium resistance thermometer is placed, by a sapphire rod,
bonded to the sample and cold finger with varnish
(General Electric No. 7031). (This separation is
necessary in order to keep the copper away from
5%%u~.
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the rf coils. ) Thus, the sample temperature might
differ from the thermometer temperature.
This
was checked by placing a Au: Fe (57) ppm)-vschromel thermocouple on the sample itself and
one near the germanium thermometer.
Differences
as high as 4 K were noted and the data temperatures were corrected accordingly. Nevertheless,
since the T, data were gathered over a severalmonth period, using different Dewars, and since
the temperature corrections are somewhat a function of sample bonding and Dewar geometry, we
judge that the temperatures are not accurate to
better than 1. 5 K over the range 4. 2 K& T&50'K.
This amount of inaccuracy is not too serious because, since the T, -vs-T minima are quite flat,
we can still get a fairly good value of the magnitude
of T& at each minimum, even though we cannot get
as good a value of the temperature at which the
minimum occurs.
A few measurements on a sample with 510-ppm
Co confirmed that T, ~
¹

IV. CALCULATIONS

In order to be able to extract the temperature
dependence of v, from the T, -vs-T data, we must
identify the mode of relaxation, rapid diffusion
(R-D), diffusion limited (D-L), or an intermediate
mode. '~ First, we note that at a minimum 7, = &
for both modes. At the 2-MHz minimum, by using
S=$, g=2. 28, a=4. 8 A, B, =O. 5 G (the linewidth),
and Ta=(y+,
we can calculate, from Eq. (1)
(R-D case), T, = 3. 3 sec, and Eq. (5). (D-L case),
T j = 12. 4 sec. Since the experimental value is

),

about 16 sec, the D-L case seems more valid.
Conversely, at the 15-MHz minimum we calculate
T, = 51. 3 sec for the R-D case and T, =20. 6 sec
for the D-L case; here, the R-D case seems more
valid since the experimental value is about 50 sec.
As a second test, we can plot Tj vs p, as shown
in Fig. 3. For the R-D case we would expect
T, "fx: p~, while for the D-L case, T~"o= p~ 4. It
appears that the 2-MHz data obey the D-L case
according to this test also. A third rough check,
mentioned in Sec. II A, is the value of & = p'/2b;
for the 2-MHz minimum &= 1. 97, again suggesting
the D-L case, while at the 15-MHz minimum
&= 0. 13, suggesting the R-D case. Because of
the uncertainty of factors such as T~ and a, the
most valid tests are probably those involving the
forms of the frequency and temperature dependences,
but near the minima all the tests agree anyway.
At higher temperatures,
T ~30'K, we have
~v, «1, and Eqs. (1) and (5) would predict
T&~ 7,'I30 for the R-D case and T~~ 7,'B&for the
D-L case. Thus, the R-D case would predict
T,(15 MHz)/T~(2 MHz) =4. 5, and the D-L case
would predict a ratio of 1, assuming that v', is
not frequency dependent at these temperatures.
The experimental ratio is less than 1. 3, strongly
suggesting the D-L case. On the other hand, at
T & 4 'K, it is hard to make
very low temperatures,
a judgment since v, itself is probably frequency
dependent on account of the domination of the Orbach contribution,
Eq. (7), in which the factor
4 is field dependent.
According to the above arguments, the D-L case

'

'
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should be valid in the 2-MHz case for T ~10 'K and
possibly for lower temperatures also. Thus, we
attempt to fit these data with the T~ form given in
Eq. (5) and also choose the Orbach term, Eq. (I),
for T„as follows:

(8)

v, ~ = 1. 5x 10 (e

~

—1) + 0. 58T Z4(210/T).

It is seen in Fig. 2 that these forms for T, and v;
fit the 2-MHz data quite well over the whole temperature range. Since only the first term in z, is
expected to be frequency dependent, it is logical

to attempt to fit the higher-frequency databy changing only this term. These fittings, also shown in
Fig. 2, resultfromusing8x10'(e6~r —1) ~, 2x 10~
—
x (e
and 0 as the first term in v, ~ for 4,
8, and 15 MHz, respectively. The poorer agreement between theory and experiment at higher frequencies probably results from (i) a departure of
the data from the D-1. regime, and from (ii) the
complicated energy-level structure at higher
fields, as seen in Fig. 1. Because of these factors, it is outside the scope of this study to at-

1),

tempt a detailed analysis of the frequency dependence of the first term in v',-'. However, the second term, 0. 58T'J'4(210/T), seems well established since, except for a slight frequency dependence, it predicts well T, vs T for T~ 40 'K.
V. DISCUSSION

As shown in the previous section, the formula
v„Eq. (9), which bestfitted the 2-MHE T,
data, should be valid for T~ 10'K and possibly for
lower temperatures also. According to the first
term, the energy between the ground state and the
relevant excited state is about 4 K. This is somewhat higher than the maximum splitting expected
between the Kramers doublets at 2. 1 kG, ~ which
') =2D+PgpsBO= 2. 5'K for the case
is &(-2-+ —,
c li Bo (cf. Fig. 1). It is probably fruitless to explore this discrepancy further because of the fact
that we are not sure of the validity of our fitting
below 10'K anyway and this is the region in which
the first term dominates.
On the other hand, we have shown that the second
term in 7, , the nonresonant Orbach term, suffidata.
ciently describes the higher-temperature
Thus, the hypothetical T ge(8~/T) term, which
would arise from Raman scattering between the
ground state and states at energies much higher

for
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'

in CdS

than LSD,

is negligible below 300'K. Furthermore,

it/appears

that the measured Debye temperature,

for40'K- TS 300'Ksineeit
predicts T j vs T quite well in this temperature
range for a11 frequencies. Although this va1ue of
8& agrees well with that calculated from elasticconstant measurements 219 'K, ~6 nevertheless, it
is quite surprising that it holds over such a large
temperature range. Values calculated f rom speeifie-heat measurements, for example, vary by
more than 100 'K over this range, sv, ts although re
cent theoretical values~ are somewhat flatter.
It is possible that more precise NMR measurements might reveal a temperature dependence of
8g)

= 210+20'K, holds

O~

A comparison between our results for v, and the
ESR pulse-saturation measurements of Wagner,
Murphy, and Castle, mentioned earlier, is somewhat difficult because they were measuring the re+-', ), while
covery of a specific transition (--,'
the NMR y, is an appropriate average over the several possible transitions. They found that the
' ——,') = 2300T '5+400T fitted their
equation 7, ( —,
data quite well from (1.4 —3. 2) 'K at Bo = 3 kG.
The temperature dependence of the first term is
approximate and results from a consideration of
all the resonant interdoublet transitions which con' ——,'). The second term is of the
tribute to (—,
form expected for the inelastic scattering when
T «O~&. If the relaxation rates for the various
possible transitions were significantly different,
we might expect to see two or more distinct minima in the NMR T j-vs-T plot at a given frequency.
Such does not seem to be the case (cf. Fig. 2) but
because of the flatness of the minima and the
scatter of data around them it is possible that a
spread of as much as a factor of 10 in the relaxation rates could exist, and this might explain the
"discrepancy" between the NMR and EPR data.
In any case, each separate relaxation rate would
be expected to contain a T'g, (8~/T) dependence, and
thus the accuracy of our measured Debye temperature would not be affected.

—

—

—
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1.

8-MeV He ions have been made on (111}Channeling measurements by backscattering of
and (110)-oriented Si covered with evaporated layers of Al and Au. The minimum yield,
half-width of the angular-yield profile, and depth dependence of the aligned yield were measured as a function of metal-film thickness. Comparisons between experimental and calculated values have been made on the basis of two different treatments of plural scattering. The
minimum yield follows the predictions of the Meyer treatment.
This treatment leads to good
agreement with angular-yield profiles and dechanneling dependence on depth obtained with Al
films. For Au films the measurements suggest that the distribution should be more peaked
than that calculated.
These results can also be applied to investigations of dechanneling and

disorder in single crystals.

I.

INTRODUCTION

Channeling-effect measurements in single crystals are based on the large attenuation in the yield
of processes requiring close-impact collisions
which are observed when the incident beam is
aligned with low-order crystallographic planes or
axes; for example, Ref. 1. This attenuation is
sensitive to crystalline imperfections and has been
used to determine disorder distributions in ionand in epitaxially grown sinimplanted samples
gle-crystal layers. ' The yield of close-encounter
processes is, in fact, influenced by the initial distribution in transverse momentum of the particles
as they enter the crystal. Superposition of amorphous layers on single crystals causes an increase
in the particle transverse momentum due to scattering events in the film, in addition to that acquired
passing through the crystal surface. This leads to
an increase in the aligned yield as has been found
for silicon covered with dielectric layers ' and

metal films. '
Analysis of measurements of disorder distributions and of channeling effects in crystals covered with
amorphous layers requires knowledge of the scattered-particle distribution and of the probability
that a particle with a given transverse momentum
will be transferred out of the aligned component
into the random component of the beam (dechanneled). For the dechannneling probability it is
assumed (square-well approximation) that a particle is in the random component of the beam when
its angle with the channel axis is greater than $&~2,
the critical angle for channeling.
In channeling
measurements of disorder, various scattering
treatments have been used to obtain the angular
distributions of the particles; single, ' multiple, '
and plural scattering.
These scattering regimes
are classified according to the mean value rn of the
number of collisions, which is proportional to the
layer thickness t and to the number of scattering
centers per unit volume
This number m, also
¹

